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Solar Energy Mediated Methane Conversion over Nanometals/Semiconductors Catalysts 

(太陽光エネルギーを利用したナノ金属/半導体触媒によるメタン転換反応に関する研究) 

Methane, the predominant component in natural gas, is not only a clean fuel among fossil fuels but also an 

important chemical source. The conversion of methane to higher-value chemicals is a promising technology in the 

supply of chemicals and energy. The current commercial methane conversion technology suffers substantially from 

intense energy consumption. It is highly desirable to develop novel technologies for methane conversion with improved 

efficiency and lower cost. Solar energy, the most abundant and clean renewable energy, has been utilized as a new 

stimulus to drive methane activation and conversion under mild conditions. However, the efficiency of methane 

conversion mediated by solar energy are still low and direct photocatalytic conversion of methane with molecular 

oxygen to liquid oxygenates remains a key challenge. Thus, this thesis focused on rational design of plasmonic 

nanometals-based catalysts for photo-enhanced thermocatalytic methane conversion at mild temperatures by coupling 

solar energy and thermal energy as well as design of nanometals cocatalysts/semiconductors for photocatalytic oxidation 

of methane to liquid oxygenates with oxygen at room temperature. 

In chapter 1, a general background of methane conversion and the fundamentals of photo-activation of methane is 

introduced. Then, the recent development of methane conversion driven or promoted by solar energy are summarized. 

In chapter 2, coupling of solar energy and thermal energy for steam methane reforming (SMR) was investigated 

over Rh/TiO2 catalysts, in order to improve the efficiency of methane conversion under mild conditions. It was found 

that visible light illuminated TiO2 supported Rh nanoparticles could enhance methane activation and conversion in SMR 

at mild operating temperatures (below 300 °C), with a ~50% decrease in apparent activation energy compared to that of 

pure thermal process. Characterization results show an ultrafast separation of hot carriers excited from Rh at the Rh-TiO2 

interface, resulting in the formation of electron-deficient state of Rhδ+ at surface for the successive CH4 activation at low 

temperatures.  

In chapter 3, bimetal plasmonic catalysts consisting of Pt and Au nanoparticles were developed for carbon dioxide 

reforming of methane (CRM) with UV-vis light illumination at mild temperatures to efficiently convert methane and 

carbon dioxide into valuable chemicals (H2 and CO). Due to the effective plasmonic coupling effect of Pt and Au 

nanoparticles, the activation energies for CH4 conversion are reduced ~30% below thermal activation energies and the 

reaction rate is 2.3 times higher than that of the thermal-catalytic reaction rate at 400 °C. Experimental and theoretical 

results reveal that effective coupling plasmonic effect generates strong local electric fields and excite hot carriers to 



 
 

activate the reactants and intermediate species, reduce the activation energies and accelerate the reaction rate. 

In chapter 4, TaN was employed as an optical support to replace noble Au plasmonic promoter and to investigate 

the activities of its supported Pt and other group VIII metal catalysts in CRM at reaction temperature of 500 °C with 

visible light assistance. Experimental results show that the activities of TaN supported group VIII metal-based catalysts 

were enhanced with visible light irradiation, and the activity enhancement ratios (2.3-2.7 times) were higher than that 

achieved by adopting expensive Au as plasmonic promoter (1.6 times). Theoretical results reveal that polarity of TaN is 

regarded to facilitate electron-hole separation and ultimately be responsible for the activity enhancement. 

In chapter 5, to convert methane to liquid chemicals without any additional thermal energy input, photocatalytic 

oxidation of methane to methanol and formaldehyde with molecular oxygen was achieved over ZnO loaded with 

cocatalysts (Pt, Pd, Au or Ag) catalysts in pure water at room temperature. The activity for production of total liquid 

oxygenates including methyl hydroperoxide, methanol and formaldehyde on 0.1 wt% Au/ZnO reached approximately 

12,545 micromoles per gram catalyst per hour (μmol g-1 h-1), with 95% selectivity. Experiments with isotopically labeled 

oxygen and water reveal that molecular oxygen, rather than water, was the oxygen source of methanol formed. 

Experimental and theoretical results demonstrate that the photocatalytic oxidation of methane to liquid oxygenates is a 

radical process where surface active oxygen (hole center, O–) of photoexcited ZnO plays the dominated role for the 

methane activation to methyl radicals, a rate-limiting step for methane oxidation, with selectivity for methanol controlled 

by cocatalysts. 

In chapter 6, in order to improve the selectivity of methanol in photocatalytic oxidation of methane with molecular 

oxygen, TiO2 loaded with different amounts of Pt, Pd, Au and Ag nanoparticles were investigated. It was found that the 

loading amount of cocatalysts played an important role for the production of methanol; both the yield and selectivity of 

methanol increased gradually with increasing the loading amount. In addition, reducing the concentration of •OH 

radicals generated in the reaction solution via the formation of electron-deficient state of Auδ+ on the surface of TiO2 

could inhibit the over-oxidation of methanol to formaldehyde and carbon dioxide. The activity for production of the 

primary products (methyl hydroperoxide and methanol) on the optimized photocatalysts amounts to 2,845 µmol g-1 h-1 

with approximately 73% selectivity. 

In chapter 7, an overall summary of this dissertation work was provided. This thesis carried out a systematic study 

on solar energy mediated methane conversion over nanometals/semiconductors photocatalysts, including 

photo-enhanced thermocatalytic SMR and CRM at low temperatures, and partial oxidation of methane with oxygen to 

liquid oxygenates at room temperature. Photo-thermocatalytic methane converieson shows high reaction rates and low 

activation energies in comparison with conventional thermocatalysis; hot carriers generated from plasmonic nanometals 

enable the activation of methane, leading to an enhanced activity and reduced activation energy. In room temperature 

photocatalytic methane conversion, methane is mainly activated by surface active oxygen of photoexcited wide 

bandgap oxide semiconductors, and reducing the concentration of •OH in reaction solution contributes to inhibit 

deep-oxidation of liquid oxygenates to carbon dioxide. This study opens a promising pathway towards efficient C-H 

bond activation chemistry by the construction of active and energy-efficient nanometals/semiconductors catalysts. 

 


